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Amino acid residues containing thioethers are easily oxidized during protein purification,
derivatization, and/or digestion. For instance, oxidation of methionine residues in proteins
during SDS-PAGE is commonly observed. Under low energy collision induced dissociation
this gives rise to a second series of fragment ion of lower abundance that are shifted by 264
Da when compared to the oxidized methionine-containing fragments. We report here that
alkylated cysteine residues can be found in their oxidized form too, indicating that the
oxidation of thioethers can occur during and following protein digestion and not only during
SDS-PAGE or reduction and alkylation. Collision induced dissociation experiments on the
singly- and multiply-charged species reveals that these peptides preferentially undergo
elimination reactions that forms a dehydroalanine from the oxidized, alkylated cysteine
residue. This contrasts to the less abundant elimination reaction of peptides containing
oxidized methionines which cannot form an a,b-unsaturated compound, but parallels the
condensed phased chemistry of sulfoxides. The masses of both precursor and product ions are
shifted such that these peptides cannot be identified in database searches with current
algorithms. Incorporation of this fragmentation pattern is important for the isotope-coded
affinity tag approach since this method is based on peptides containing cysteine residues.
(J Am Soc Mass Spectrom 2000, 12, 228–232) © 2000 American Society for Mass Spectrometry
Gel-separated proteins are routinely identified bymass spectrometry either by peptide mass fin-gerprinting using MALDI-TOF mass spectro-
metry or, if that is not specific enough, by tandem mass
spectrometry to reveal partial sequence information
which are normally sufficient to search protein, EST
(expressed sequence tag) or genome databases [1].
However, problems can arise from modifications of
amino acid residues, either of natural or of artificial
origin, since these change the masses of peptides and
their fragment ions. Thus, the masses do not correspond
any longer to the theoretical values calculated from the
database entries. This becomes particularly important,
when methods used depend on a certain amino acid
residue which is easily modified. For instance, the
isotope-coded affinity tag (ICAT) approach for protein
identification and quantification is based on peptides
containing oxidizable cysteine residues [2]. To still
make use of masses or sequence information derived
from altered peptides, the modifications have to be
characterized so that the database search programs can
take the mass deviations into account.
One of those commonly observed modification is the
oxidation of methionine residues which is believed to
occur during gel-electrophoresis due to residual persul-
fate in polyacrylamide [3, 4]. As a practical conse-
quence, all current database search programs for pro-
tein identification by mass spectrometry consider
methionine oxidation as an option, as respective pep-
tides are observed at 116 Da when compared to the
nonmodified form. In peptide sequencing experiments
using tandem MS, all fragment ions containing the
modified residue are also shifted upwards by 16 Da. In
addition, these fragments are almost always accompa-
nied by a satellite of 264 Da (loss of methanesulfenic
acid) which, in turn, is commonly used as evidence for
the presence of methionine oxidation [5–8].
In this paper, we report that alkylated cysteine
residues can also be found in their oxidized form. This
observation indicates that oxidation of thioethers occurs
not only during the gel electrophoresis but also later on
after reduction and alkylation (i.e., during or subse-
quent to protein digestion), because oxidized cysteines
cannot be alkylated. This paper describes the effect of
this modification on low energy collision induced dis-
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sociation (CID) product ion mass spectra and the im-
plications for protein identification strategies using
ICAT-type approaches.
Materials and Methods
Chemicals and Compounds
All chemicals were obtained from Sigma-Aldrich-Fluka
(St. Louis, USA). High purity solvents used for nano-
electrospray experiments were purchased from Labscan
(Dublin, Ireland). The cysteine-containing peptides VV-
LFGCLK and VLFGCDAEVASK were custom-made by
Sigma-Genosys (Pampisford, UK).
Mass Spectrometry
Nanoelectrospray experiments were performed on a
QSTAR Pulsar quadrupole TOF tandem mass spec-
trometer (AB/MDS Sciex, Toronto, Canada) equipped
with a nanoelectrospray ion source (MDS Protana,
Odense, Denmark) [9, 10]. Peptides were sprayed from
60% methanol/5% formic acid at concentrations of 1 to
10 mmol/L (1 to 10 pmol/mL). For the MALDI experi-
ments a prototype MALDI-QSTAR (AB/MDS Sciex) was
used [11]. The peptide solutions were mixed in a 1:1-ratio
with a saturated solution of 2,5-dihydroxybenzoic acid
(DHB) in 10% methanol/0.1% trifluoroacetic acid.
Cysteine Derivatization
For reduction and alkylation, 1 nmol of VVLFGCLK
and VLFGCDAEVASK were dissolved in 100 ml of 0.1
M NH4HCO3 containing 10 mM 1,4-dithiothreitol
(DTT) and the reaction mixture was incubated for 20
min at 50°C. Subsequently, 15 mL of a 200 mM solution
of alkylating reagent (iodoacetic acid and iodoacet-
amide in water or ethyl iodoacetate in 50% acetonitrile)
were added and incubated at room temperature for 1 h.
To obtain the mono-oxidized peptides, the alkylation
mixture was desalted over POROS R2 micro columns
(Perseptive, Framingham, USA) as described previ-
ously [12] and exposed to air at room temperature for
72 h. To obtain the sulfdioxide-containing peptides, the
peptides were eluted from the POROS R2 column with
3% H2O2 in formic acid and allowed to stand at room
temperature for 30 min.
Results and Discussion
In ongoing protein identification projects we found that
multiply charged peptide ions containing an oxidized
carbamidomethyl-modified cysteine residue produce
pairs of fragment ions spaced by 107 Da upon low
energy, collision-induced dissociation. In order to in-
vestigate this issue further, product ion spectra of the
synthetic peptide VVLFGCLK were acquired. The cys-
teine residue was derivatized in several ways. Figure 1a
shows the product ion spectrum of non-oxidized, VV-
Figure 1. Product ion spectra of the doubly protonated peptide
VVLFGCLK, containing several cysteine derivatives. (a) Cysteine
alkylated with iodoacetamide, (b) cysteine singly oxidized after
alkylation with iodoacetamide, (c) cysteine singly oxidized after
alkylation with ethyl iodoacetate, (d) enlargement of (c) showing
the range from m/z 300 to 500, (e) cysteine doubly oxidized after
alkylation with iodoacetamide. Spectra were acquired on a nano-
electrospray quadrupole TOF mass spectrometer. All higher order
fragment ions (cleavage of the peptide backbone and loss of
sulfenic acid) are denoted with stars. Sulfoxide containing frag-
ments are marked with squares.
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LFGCLK alkylated with iodoacetamide, corresponding
to the usual derivatization of gel separated proteins.
Low m/z-range b-type and high m/z-range y-type ions
dominate the spectrum, as is typical for product ion
spectra of tryptic peptides on quadrupole type instru-
ments. In contrast to this, the product ion spectrum of
the counterpart of this peptide with a singly-oxidized
cysteine residue shows pairs of fragment ions spaced by
107 Da (see Figure 1b). This mass difference was as-
signed as the loss of RSOH (R 5 carbamidomethyl)
assuming an elimination reaction. In order to test
whether this loss indeed corresponds to the derivatized
cysteine moiety, iodoacetic acid and ethyl iodoacetate
were used instead of iodoacetamide for alkylating the
cysteine residue prior to oxidation. In the case of the
carboxymethyl sulfoxide (iodoacetic acid as alkylating
reagent), loss of 108 Da was observed (data not shown),
whereas the ethylcarboxymethyl sulfoxide (ethyl io-
doacetate as alkylating reagent) showed a loss of 136 Da
upon collision induced dissociation (see Figure 1c). This
proves that the derivatized cysteine side chain is in-
volved in this elimination reaction. As one of the
elimination products, the former cysteine residue is
converted into a dehydroalanine residue (69 Da). This
fragmentation series is more abundant than the one
retaining the cysteine modification and is shifted by the
mass of R-SOH (R denotes the substituent added to the
sulfide group of the cysteine; e.g., M(R-SOH) 107 Da for
carbamidomethyl cysteine). Therefore it can be as-
sumed that the eliminated neutral species corresponds
to a sulfenic acid derivative. This is similar to the
elimination reaction of oxidized methionine residues
upon CID in which case methanesulfenic acid is
formed.
We also investigated the susceptibility of the sulfo-
nyl compound deriving from alkylated cysteine resi-
dues (doubly oxidized, alkylated cysteine) to the elim-
ination reaction. Hardly any elimination reaction was
observed (see Figure 1e) as others have observed for
doubly oxidized methionine [5].
The general lability of the singly-oxidized, alkylated
cysteine residue is also observed by MS/MS experi-
ments using a MALDI-QqTOF mass spectrometer. Al-
ready at relatively low collision energies (Q0 5 55 V,
where Q0 is the voltage setting controlling the collision
energy on QSTAR instruments), the loss of sulfenic acid
is the major fragmentation pathway observed in the
spectrum (see Figure 2a). Increasing the collision energy
to a value where the non-oxidized counterpart yields an
informative product ion spectrum (Q0 5 70 V, see Fig-
ure 2c) all abundant fragment ions are the products of
two successive cleavages, i.e., dehydroalanine contain-
ing fragments (see Figure 2b).
All the observations concerning the fragmentation
behavior of oxidized alkylated cysteine residue-con-
taining peptides—including the fact that the dehy-
droalanine containing fragment series was more abun-
dant than the fragment series resulting from single
cleavage—were confirmed by repeating the entire set of
experiments with the synthetic peptide VLFGCDAE-
VASK (data not shown).
The observation that sulfoxides from cysteine resi-
dues undergo elimination of sulfenic acid more easily
than methionine-derived sulfoxides can be explained
with the behavior of sulfoxides under thermolytic con-
ditions in the condensed phase. When the elimination
reaction forms a double bond in conjugation with a
carbonyl group (e.g., oxidized alkylated cysteine resi-
dues) the elimination of sulfenic acids is more efficient
than in cases where a non-conjugated double bond is
formed (e.g., oxidized methionine) [13, 14]. A reason for
this different propensity for elimination is provided by
the mechanism of the decomposition reaction of sulfox-
Figure 2. Product ion spectra of the singly protonated VVLFG-
CLK. The cysteine residue is alkylated with ethyl iodoacetate and
subsequently partially oxidized. a) Tandem mass spectrum of the
sulfoxide containing peptide, Q0 5 55 V. b) MS2 of the sulfoxide
containing peptide, Q0 5 70 V. c) MS2 of the non-oxidized pep-
tide, Q0 5 70 V. Spectra were acquired on a MALDI quadrupole
TOF mass spectrometer with different Q0-settings (Q0 corresponds
to the collision energy controlling voltage). The higher order
fragment ions (cleavage of the peptide backbone and loss of
sulfenic acid) are denoted with stars.
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ides that has been known for more than one hundred
years (see Figure 3) [15, 16]: if we assume a concerted
reaction, the double bond in a,b-position is already
partially formed in the transition state which allows its
stabilization because of its conjugation with the car-
bonyl group. Stabilization of transition states corre-
sponds to lowering the activation energy and therefore
accelerating the reaction, in this case the elimination of
sulfenic acid to form the a,b-unsaturated compound.
Thus, in the case of oxidized cysteine residues, dehy-
droalanine is formed. That this charge-remote elimina-
tion mechanism is also valid for the gas-phase reaction
under low energy CID conditions is supported by
several arguments: (i) The loss of the sulfenic acid is the
major fragmentation pathway for singly-charged tryp-
tic peptides under low energy CID conditions as ob-
served on the MALDI-QqTOF. Since it can be assumed
that the ionizing proton is localized at the high proton
affinity group at the C-terminal amino acid residue, the
elimination reaction has to proceed in a charge-remote
way. (ii) Using the doubly-charged peptide species as
precursor ion for MS/MS-experiments, the singly
charged fragment ions containing the dehydroalanine
moiety are more abundant than the sulfoxide contain-
ing fragments (see Figures 1b and c). However, this is
reversed for doubly charged fragment ions (see Figure
1d). If the elimination reaction had been charge-driven,
the dehydroalanine residue containing doubly-charged
fragments should be even more abundant. That charge-
remote fragmentation in the gas phase does not only
occur under high-energy CID conditions but can also be
observed upon low-energy CID has been shown earlier
by Adams and Gross [17].
The fragmentation behavior of the oxidatively mod-
ified peptides is of relevance with respect to protein
identification using tandem mass spectrometry.
Whereas the peptide mass is shifted 16 Da upwards
relative to the mass of the nonoxidized peptide, the
fragment ions are shifted 91 Da downwards (for carb-
amidomethyl derivatized cysteine residues) with re-
spect to the expected fragment ion masses. In particular,
on the MALDI-QSTAR instrument, we observed only
these fragment ions shifted in mass. Owing to this
opposing mass shift of the precursor ion and that of the
fragment ion series, successful database searches are
prevented with the currently used algorithms. How-
ever, characterization of this fragmentation pathway
now enables the incorporation of this modification into
search programs.
The fact that thioether oxidation occurs also during
or after digestion is of particular interest when follow-
ing the ICAT-approach [2] for the identification and
relative quantification of proteins in the field of pro-
teomics, since this method is based on the exclusive
isolation of cysteine containing peptides. Therefore all
possible side reactions of this residue should be consid-
ered so that they can be implemented into the search
programs.
Conclusion
Oxidation of thioether-containing proteins/peptides
(methionine and alkylated cysteine residue) does not
only occur during SDS-PAGE but also during and/or
after digestion. Low energy collision-induced dissocia-
tion of peptides containing oxidized, alkylated cysteine
residue gives rise to pairs of fragment ions that differ by
the mass of RSOH (R denotes the substituent added to
the sulfide group of the cysteine; e.g., 107 Da for
carbamidomethyl cysteine). The more abundant, lighter
fragment ion series results from the formation of dehy-
droalanine at the position of the former cysteine resi-
due. This fragmentation behavior is explained by the
formation of an a,b-unsaturated compound, which ac-
celerates the elimination reaction. This parallel is
known as the condensed phase reactions of sulfoxides.
Current database searching algorithms are not capa-
ble of identifying peptides with alkylated, oxidized
cysteines because the precursor mass is shifted up-
wards and the fragment masses downwards with re-
spect to the non-oxidized species. This is particularly
relevant for methods which are exclusively based on the
analysis of cysteine-containing peptides.
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